Purpose: To propose a fast simultaneous noncontrast angiography and intraplaque hemorrhage (fSNAP) sequence for carotid artery imaging. Methods: The proposed fSNAP sequence uses a lowresolution reference acquisition for phase-sensitive reconstruction to speed up the scan, and an inversion recovery acquisition with arbitrary k-space filling order to generate similar contrast to conventional SNAP. Four healthy volunteers and eight patients were recruited to test the performance of fSNAP in vivo. The lumen area quantification, muscle-blood CNR, IPH-blood CNR, lumen SNR, and standard deviation and intraplaque hemorrhage (IPH) detection accuracy were compared between fSNAP and SNAP. Results: By using a low-resolution reference acquisition with 1/4 matrix size of the full-resolution reference scan, the scan time of fSNAP was 37.5% less than that of SNAP. A high agreement of lumen area measurement (ICC ¼ 0.97, 95% CI: 0.96-0.99) and IPH detection (Kappa ¼ 1) were found between fSNAP and SNAP. Also, no significant difference was found for muscle-blood CNR (P ¼ 0.25), IPH-blood CNR (P ¼ 0.35), lumen SNR (P ¼ 0.60), and standard deviation (P ¼ 0.46) between the two techniques. Conclusion: The feasibility of fSNAP was validated. fSNAP can improve the imaging efficiency with similar performance to SNAP on carotid artery imaging. Magn Reson Med 77:753-758, 2017. V C 2016 International Society for Magnetic Resonance in Medicine.
INTRODUCTION
Carotid atherosclerosis is one of the leading causes of ischemic cerebrovascular events (1) . Clinically, the degree of luminal stenosis detected by angiography is the most commonly used index for the detection of high-risk patients (2) . In addition to luminal conditions, the morphological and compositional features of atherosclerotic plaque imaged by high-resolution black-blood magnetic resonance imaging (MRI) have widely raised concerns recently (3) (4) (5) . Several studies have found that intraplaque hemorrhage (IPH) was an important high-risk feature related to ischemic symptoms (6, 7) . Recently, a simultaneous noncontrast angiography and intraplaque hemorrhage (SNAP) MR imaging sequence was proposed (8) , which can provide both features in one scan: stenosis and IPH. The SNAP sequence is a phase-sensitive inversion recovery sequence (9) , in which an interleaved full-matrix-size reference scan is used to provide background phase in phase-sensitive reconstruction. Thus, the signal of the tissue with short T1, such as IPH, can be recovered as a hyperintensive positive signal; the negative signal of blood with long T1 can be used to generate noncontrast angiography. However, the acquisition efficiency of SNAP can be potentially improved because of the full-matrixsize reference acquisition that doubles the scan time.
Several techniques have been proposed to accelerate SNAP imaging (10) or phase-sensitive acquisition in general (11) (12) (13) . One approach used the single center k-space line as reference data to correct the background phase using a linear model (11) , but suffered from low accuracy because of the common presence of nonlinear background phase. Recently, a phase-sensitive reconstruction approach without extra acquisition of reference images in inversion recovery sequences was proposed (10) . However, such a reconstruction method may cause contrast change and can suffer from phase errors in low SNR regions, which can be commonly found on carotid artery SNAP images.
In this study, we propose a fast SNAP (fSNAP) imaging sequence with full-resolution inversion-prepared acquisition and interleaved low-resolution reference acquisition to speed up the acquisition with similar contrast compared with conventional SNAP. Phantom and in vivo experiments were carried out to demonstrate the feasibility of the proposed fSNAP sequence.
METHODS

Pulse Sequence Design
The design of the fast SNAP sequence is based on the SNAP sequence. A conventional SNAP sequence consists of a slab-selective inversion pulse followed by two turbo field echo (TFE) readout modules ( Fig. 1a) with linear k-space filling order with elliptical shutter (Fig. 1b) : inversion recovery TFE (IR-TFE) and reference TFE (Ref-TFE), respectively. The Ref-TFE has identical resolution as the IR-TFE, but has a different inversion time (TI), providing the background phase for phasesensitive reconstruction. Because the variation of background phase should be smooth (14) , the proposed fSNAP sequence (Fig. 1c) (8, 19) . In contrast, the low-high kspace filling scheme with the ability of flexible TI adjustment will reduce the acquisition efficiency. Thus, in this study, we propose the use of the arbitrary k-space filling scheme for fSNAP instead. As shown in Figure 1d , the proposed the arbitrary k-space filling order is implemented by rearranging and cyclic shifting the profile to achieve an adjustable TI for flexible contrast adjustment. 
Phantom Experiment
To demonstrate the feasibility of phase-sensitive reconstruction using a low-resolution reference scan, a phantom experiment was performed on a 3T whole body scanner (Achieva TX, Philips Healthcare, Best, the Netherlands) with an eight-channel brain coil. A water phantom with a measured T1 value of 3360 ms was used. A slab-selective inversion pulse with 50-mm longitudinal coverage was used to approximate the contrast between blood and other tissues in SNAP sequence (Figs. 2a and 2e). The imaging parameters for the phase-sensitive inversion recovery with full-resolution reference scan were TI 10.3 ms, TR 10 ms, IRTR 3028 ms, FA 11 /5 , FOV 250 Â 120Â45 mm 3 , voxel size 0.8 Â 0.8 Â 0.8 mm 3 , TFE factor for IR acquisition and reference acquisition 150/ 150, coronally oriented, scan time of 168 s. The imaging parameters for the phase-sensitive inversion recovery with low-resolution reference scan were the same as the full-resolution reference, except for TFE factor for IR acquisition and reference acquisition of 240/60, resulting scan time of 105 s. The down-sampled low-reference kspace data were then zero-padded to the full matrix size, followed by conventional reconstruction online.
In Vivo Experiment
Four healthy volunteers (four males, mean age: 24.5 years) and eight patients with atherosclerotic carotid plaque diagnosed by duplex ultrasound (three males, mean age: 71.6 years) were recruited for this study. Written informed consent was obtained from all of the participants before the scan. All in vivo images were acquired on a 3T scanner (Achieva TX, Philips Healthcare, Best, the Netherlands) with a custom-designed 36-channel cardiovascular coil (18) . Both fSNAP and SNAP images were scanned in the oblique coronal orientation centered at the carotid artery bifurcation of the index side (as identified by ultrasound) for the patient and left side for the healthy volunteer. The fSNAP and SNAP sequence shared the same TI 490 ms, TR 10 ms, and FA 11 /5 . The only difference was that fSNAP had the TFE factor of 160/40 (IRTR 2000 ms) for IR-TFE/Ref-TFE, whereas SNAP had the TFE factor of 98/98 (IRTR 1980 ms). Other scan parameters for both sequences were FOV of 250 Â 160Â32 mm 3 , voxel size 0.8 Â 0.8 Â 0.8 mm 3 , fat sat, NSA 2. All images were reconstructed online in a Philips scanner. The scan time of fSNAP was 255 s, compared with 408 s in conventional SNAP; a total reduction of 153 s (37.5%) was achieved.
Data Analysis
For the phantom experiment, the corrected phase images were compared between the phase-sensitive reconstructions with high-resolution and low-resolution reference. In the in vivo experiment, the performance of lumen area assessment and IPH detection were compared between the fSNAP and SNAP sequence. For comparison of the lumen area quantification, all acquired coronal images were reformatted into axial slices. Next, the reformatted axial fSNAP slices were matched to the axial SNAP slices using carotid bifurcation as a reference before image review. After that, five slices (two on common carotid artery, one at bifurcation, and two on internal carotid artery) centered at the carotid bifurcation with a 4-mm gap were chosen from bilateral carotid arteries for both SNAP and fSNAP images of each case (in total, 10 slices were chosen for each case; 120 slices from 12 subjects). The bright blood MRA images were generated (8) for both techniques. The lumen of the carotid artery and a uniform region (adjacent sternocleidomastoid muscle in this case) near the artery on those slices were outlined by a reviewer using ImageJ (version 1.34s, NIH, Bethesda, Maryland, USA). The contrast-tonoise ratio (CNR) between the adjacent sternocleidomastoid muscle and blood was calculated with the standard deviation of muscle region as noise (19) . Then, the lumen areas derived from the lumen contours and the CNR of the SNAP and fSNAP images were compared using intraclass correlation coefficient (ICC) and twotailed paired t-tests, respectively. The signal-to-noise ratio (SNR) (20) and standard deviation of lumen were also reported and compared using two-tailed paired ttests to evaluate the MRA quality. To compare the performance of fSNAP in IPH detection, another review was carried out to identify the hyper-intense signal as IPH on all of the images of 16 arteries from eight patients for both fSNAP and SNAP images using a Philips DICOM viewer (R3.0 SP03). Per-artery based, the Cohen's Kappa was used to determine the agreement of IPH detection on SNAP and fSNAP images. Then the number of axial slices with IPH detected by SNAP and fSNAP were reported for each IPH and compared using Pearson correlation. In addition, the contrast (CNR) between IPH and blood of SNAP and fSNAP were reported. All of the reviews were done blinded to the patient information and acquisition methods. All of the statistical analyses were performed using Medcalc (version 11.4.2.0, MedCalc Software, Mariakerke, Belgium).
RESULTS
Phantom Experiment
As shown in Fig. 2 , the magnitude, phase, and phasecorrected (CR) images were found to be very similar between the phase-sensitive reconstructions with the fullresolution and low-resolution reference scan. The phase of noninverted and inverted regions was consistent between the two techniques. As shown in Fig. 2h , in the curve of a center line of the corrected phase images, both the phase and boundaries of the inversion band had good agreement.
In Vivo Experiment
A typical artery with luminal stenosis and IPH is shown in Fig. 3 . Both SNAP and fSNAP can generate MRA of carotid artery with similar quality (Figs. 3a and 3d) . Moreover, the IPH can be identified clearly on the SNAP and fSNAP sequence (Figs. 3b and 3c ). In the selected 120 locations for lumen size and muscle-blood CNR evaluation, a high agreement was found between the fSNAP and SNAP in lumen-size measurements (ICC ¼ 0.97, 95% CI: 0.96-0.99) (Fig. 4a) . There was no significant difference of muscle-blood CNR between fSNAP and SNAP (P ¼ 0.25) (Fig. 4b) . Compared with SNAP, the fSNAP demonstrated no statistical difference in lumen SNR (fSNAP: 25.45 6 6.80; SNAP: 25.82 6 7.68, P ¼ 0.60) and (Fig. 4d) . Of the five IPHs detected in eight patients, fSNAP and SNAP had a similar number of axial slices that could be detected with IPH (fSNAP: 3, 5, 10, 10, 17; SNAP: 3, 5, 11, 10, 14 slices for each IPH; r ¼ 0.97; P ¼ 0.006). The mean IPH-blood CNR of SNAP and fSNAP were 50.77 and 47.72, respectively; no significant difference was found (P ¼ 0.35).
DISCUSSION
In this study, the feasibility of the fast simultaneous noncontrast angiography and intraplaque hemorrhage sequence was demonstrated. The results of the phantom and in vivo experiments has shown that using a lowresolution reference acquisition for phase-sensitive reconstruction can reduce the scan time by 37.5% without significantly sacrificing the image quality and contrast. More significantly, the proposed fSNAP technique has shown good agreement with the original SNAP sequence in the measurement of lumen area and detection of IPH in a population including healthy volunteers and patients; this indicates its potential to be used as a noncontrast MRA technique and an IPH detection technique in clinical practice. The key for fSNAP to achieve a similar performance to SNAP is the arbitrary k-space filling scheme used in the IR-TFE module of fSNAP. Different from the linear or low-high k-space filling scheme, the arbitrary k-space filling scheme allows flexible TI and IRTR selection to adjust the contrast of fSNAP, without sacrificing imaging efficiency or coverage. The phase-sensitive reconstruction for fSNAP used in this study is just a simple zero padding of low-resolution reference acquisition with conventional reconstruction online. The simple reconstruction allows fSNAP to be easily transferred to clinical use. Because there is no significant CNR decrease, the fSNAP technique can be further sped up by using other fast imaging methods, such as the parallel imaging SENSE (21) and GRAPPA (22) . Moreover, the results of this study suggest that the scheme of fSNAP (the low-resolution Ref-TFE module combined with arbitrary k-space filling IR-TFE module) has great potential to be used in phase-sensitive inversion recovery sequence (PSIR) for brain (23) and cardiac imaging (24) . Especially, the ability of flexible TI and IRTR in fSNAP technique could be a great advantage in other applications because of its convenience in contrast adjustment.
One limitation of this study is the lack of validation with histology, because of its unavailability. As a compromise, the histological validated SNAP sequence (8) was compared in this study. Another possible limitation of fSNAP is the Gibbs ringing artifact resulting from the signal truncation at the k-space border in low-resolution reference acquisition (25, 26) , especially when the reference resolution is too low. However, as shown in the phantom and in vivo experiments, no obvious artifacts are seen with the 1/4 resolution Ref-TFE used in this study. Moreover, although the lumen SNR and signal standard deviation were similar for fSNAP and SNAP, the MRA generated by both techniques showed inhomogeneous signal (Figs. 3a and 3d) . The main reason is the dephasing of flowing blood, which can potentially be improved by the flow compensation technique (27) . Besides, the present of sever stenosis and calcification may affect the performance of fSNAP, which cannot be investigated in this study because of its unavailability. Thus, the performance of fSNAP should be further investigated in patients with more severe stenosis and calcifications in future studies with a larger population.
In conclusion, an fSNAP sequence was proposed and validated on carotid artery in this study. By using the arbitrary k-space filling order and low-resolution reference scan, fSNAP can improve the imaging efficiency with similar performance in lumen size assessment and IPH detection on carotid artery imaging.
